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ABSTRACT 

An inclined solar still, comlDining tlie process of 
desalination and hot-water production has been developed. 
Theoretical analysis has been given. Tests have been cammed 
out for a summer month and performance evaluated. The yield 
of the inclined still has been compared with that of a standard 
basin-type unit under similar condition. 

The essential feature of the solar still developed in 
the present work consists of a thin film of water flowing 
continuously over tlie glass cover, which keeps it cool resulting 
in high yield of distillate. Heat gained by the water as a 
result of the heat transfer from the saline water in the basin 
to the glass cover raises its temperature as it flows over the 
cover. Thus, hot-water is obtained as a by-product in this 
process. The entire unit is kept at optimum tilt from the 
horizontal to receive maximum amount of incoming solar radiation 
on the basin surface. 

A theoretical analysis of the inclined solar still has 
been carried out and the results compared with those obtained 
exp er im gn t ally . 

It is concluded that the inclined solar still with 
cooling-water system is an efficient device for the 
purpose of desalination. Such units may be installed over 
large areas near sea-coasts for large-scale production of 
fresh water. 






CHAPTER - 1 


IHTRODUCTIO:: 

1.1 WATER SCARCITY, A (SrOBAL ?R031j3': 

Lack of adequate quantities of fresh water has 
become a serious problem in several countries around the 
world. Large areas of the earth are arid, due to over- 
whelming sunshine and lack oi rains. In most of these 
regions, ground water is available, but with a high 
percentage of mineral content, which raekes it imfit for 
drinking and agricultural pu.rposes. Small villages, 
situated near sea-coasts, too, face shortage of fresh water 
during peak periods of summer when frosli-water rivers and 
lakes nearby become dry, rendering serious drinking water 
problon to the population. 'Demineralization process' to 
produce desalinated water from saline or brackish water is 
not possible to carry out in most of the remote areas, due 
to non-availability of electricity, necessary for pumping 
processes and also due to high cost of installation of mhe 
demineralization plant. 

Thus, in most of these arid zones or regions near 
a sea, where sunshine is abundant, conversion of saline or 
brackish water (also available in large quantities) to 
fresh water by means of solar energy seems to be the only 


possible solution today 







2 


1.2 PRIUCIjpLS Or SOLAR DBSIJjM LT1C¥. 

Ihe principle of conversiori of saline or brackish 
water to fresh water by means of solar energy can be best 
understood by referring to the simplest deT/ice, designated 
as the ’‘basin-type solar still.”' Ihis device is a repro- 
duction, on a very small scale of the hydrologic cycle that 
occurs in nature, namely, heating of lakes and oceans by the 
sun's energy causing evaporation, the transport of water- 
vapour to cooler regions by convective winds and the subse- 
quent condensation of the vapour causing rain and snovf. As 
shown schematically in Fig. l.l^-t consists of a, blackened 
basin containing saline water at a shallow depth, over which 
is an air-tight glass cover that completely encloses the 
space above the basin. Solar energy, passing through the 
transparent cover, is absorbed by the 'water and the basin, 
warming the water causing evaporation to take place. A 
temperature difference exists between the hot saline-water 
surface and the relatively cool glass cover, resulting in 
convection currents to set up in the eir, trapped inside 
the enclosure. These currents bring the humid air in 
contact with the glass cover, causing condensation of the 
vapour on the underside of the cover. The condensate 
slides down the slope, flows along the distillate channel and 
is collected in a container. 








D 
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1.3 ADVIIITAGBS (I SOLAiv IBSiiliniATIC- 

Some of the important facrors fa,vouring solar 

desalination are as following s 

(1) In arid regions where there is no other source to 
obtain di'inking v/ater, solar desalination is the 
only solution. 

(2) Solar energy is used as a substitute for fuel in 
solar desalination process to heat the saline water 
to form vapours which later condense to produce 
fresh water. In view of the present scarcity and 
higb cost of fuels like coal, oil and gas all over 
the world, use of solar energy, which is free, 
inexhaustible and non-polluting in nature, is an 
attractive idea for desalination purpose. 

(3) Solar desalination is most effective during the 
peak periods of sunshine, when the demand for fresh- 
water is also every higli. Also, during rainy season, 
when solar stills are not very effective, they can 
be used to collect rain water as fresh water. Thus, 
the dan and and supply are effectively geared in this 
desalination process. 

(4) Unlike the problan of installation of flat-plate 
collectors in populated areas where space problan is 
acute, solar stills in most cases. 


are installed 
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over vast area-S in the arid region, which are other- 
wise lying bai’reii. production of fresh water in 
these arid zones may facilitate in utilizing large 
areas of land in future. 

1.4 REVIEW OE PRiT/IOUS VCRK 

Historically, instances of ap'olication of solar 
energy to fresh water production have been recorded 
throu^out the world and at various t-imes during the past 
century. The unit which has been built and used exten- 
sively in the past and is still the most popular device 
for desalination purpose today, is the simple basin-type 
solar still, already discussed. The largest basin- type 

solar still was built in the year 1872 near las Salinas in 

2 

northern Chile. This unit had a basin area of 4700 m and 
it produced 22700 litres of pure water per day to the needs 
of a nitrate mining community for many years. 

During the World War II and the decade immediately 
f ollovang, sustained drought conditions in many parts of 
the world brou^t water suuply into sharp focus. This 
resulted in the development of inflated plastic stills by 
Maria Telkes^. The unit consisted of an inflatable plastic- 
envelope containing a felt-pad which was to be saturated 
with sea-water. Solar energy, striking the felt-pad, would 
produce vapour which would condense on the inside of the 
plastic-envelope and drip into the bottle at the bottcm of 
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the assonbly. Althou^., plastic stills are relatively 
cheap 5 their yield is low due to the formation of drop- 
xsrise condensation under the clastic roof, causing hi^ 
reflection losses of incoming solar radiation. The effi- 
ciency of such stills, is less than 40 percent. 

Tilted solar stills using porous pads as evapora- 
ting surfaces have also been used widely for many years. 

The upper end of the pad is immersed in a trough containing 
salt water, which spreads over the cotton by capillary 
action. Evaporation and condensation take place as usual. 
Although, the unit is cheap and easy to fabricate, yield is 
quite low due to low temperature of the evaporating surface. 
A maximum efficiency of 50 per cent has been reported for 
such stills. 

A solar still with a low thermal inertia has been 
2 

developed by Szulmayer . It is essentially a basin-type 
still with a floating, black absorber sheet to heat a iiiin 
layer of water (1.6 - 6.3 mm thick) on the top of the sheet, 
causing rapid evaporation. Since tbe base of the still is 
kept cooler, heat loss througji conduction to the ground is 
reduced. The rate of ev^ap oration (using a \roven black shade 
cloth as the floating absorber), has beun reported to be 
U. 3 O 8 litres /m^-hr. 

Efforts have been made to increase the tanperature 

of the basin-water by means of concentrating devices. A 

3 

'mini solar-still' designed by Muthuveerappan, et al. , 
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incorporates mirror-type reflectors to concentrate solar 
energy on the tray. A 50-60 per cent increase in the yield 
of distilled water and a mean efficienc3’ of 56 per cent 
have been reported, Hoxifever, the extra cost of reflectors 
seems to outweigh the effect of increase in the yield. 

4 

Loho, et al. have tested a multi- effect, basin- 
type solar still, which uses the upward heat fluxes due to 
convection, radiation and evaporation to heat a secondary 
basin consisting of an inclined- stepped glass tray. The 
upward heat-fluxes from the secondary basin are used to 
heat water contained in a third basin, similar in construc- 
tion to the previous one. The condensate from each effect 
is collected in separate bottles. Altliou^, an increase in 
yield of 40 - 50 per cent over the standard basin-type unit 
has been reported, the unit suffers from constructional 
difficulties, leakages of both saline-water and vmter-vapour 
throu^ the linings and lack of long-teia durability. 

A second type of regenerative unit has been developed 

5 

by Akhtamov, et al. . This unit incorporates the reuse of 
upward heat fluxes to heat a layer of saline-water vxhich is 
enclosed between two ^ass-covers and flows upwards due to 
hydrostatic pressure exerted by the saline-water contained 
in an overhead tank. The saline-water absorbs heat and is 
allowed to be fed iiito the basin to compensate for the 
evaporation of saline water. This process results in the 
preheating of the saline feed-water to the basin. An 
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efficiency of 60 oer cent has been reported, by the authors. 
However, since the rate of dischar-ge of hot saline water to 
the basin is very small, the problon of cooling the cover 
assembly to obtain higher yield, yet remains to be solved. 

In view of the large area required to produce a 
given quantity of water by means of the basin-type stills, 
investigators have tried vertical type, multi-eft ect solar 
stills. One such unit developed by Dunkle^ consists of 
vertical parallel plates within an enclosure in which hot 
saline water is made to flow down the surface of a plate 
causing evaporation. Condensation take eplace along the 
surface of an adjacent vertical plate, which is kept cool 
by allowing cold saline water to run dom along the other 
surface of it. A series of such evaporators and condensers 
are installed to obtain higher yield. However, this increase 
in distiller performance is yet to be justified in terms of 
the large capital cost on the total plant economy. 

1.5 THE PRESMhX WORK 

In most of the work on solar desalination, as 
reviewed above, the conversion efficiaicy has not been 
more than 60 per cent. The present effort is directed 
towards developing a more efficient still which acts as 
an auxiliary hot-water device as well. The main feature of 
the solar still developed in the presait work consists of 
a box- type unit in which a thin film of water flows 
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continuously over the glass cover and keeps it cools, 
resulting in hig^i yield of distillate. The saline water 
is stored in an overhead tank and fed continuously to the 
still through a perforated tube. Upward heat fluxes due 
to convection, radiation and evaporation get transferred to 
the thin film of vrater, whose temperature increases as it 
flows along the glass. Thus, in addition to high outptut 
of desalinated water due to increased evaporation rate, 
hot water, also, is obtained continuously throu^out the day, 
which may be eitiaer stored or used to letit some auxiliary 
devices. The entire unit is kept at optimum tilt from the 
horizontal to receive the maximum amount of incoming solar 
radiation on the basin surface. 

Chapter-2 describes the desig .1 zind fabrication 
details of both the inclined and the bt.sin-type stiHs for a 
comparative study. It also describes the instrumentation 
involved in the experiments and the modes of tests conducted. 

In Chapter-3, heat and mass transfer analysis of 
the inclined still has been carried out. 

The results obtained both from theoretical analysis 
and experiments carried out are discussed in Chapter-4. The 
hourly and cumulative yields of the inclined still are 
compared with that of the standard single roof, basin-type 
unit for a summer month. 






CHiOPTJR - 2 


THE EXP ERIC'. ST TAX SET-UP 

The experimental set-up that v;as used Tor testing 
the performance of the inclined solar still and for compa- 
ring it with the basin- type unit is shorn in i’ig. 2 . 1 . 

2.1.1 DESCRIP TM OE THE LHCLBIED SOliI. STILL 

The constructional details of various important 
parts of the inclined solar still are sho^m. in Fig. 2.2 and 
discussed below. 

The saline-water basin consists of 60 cms long 
aluminiima angles (1cm x 1cm, 0.5 mm thick) placed in 
adjacent rows and fixed to the bottom of a rectangular 
box (60cms x 60cus x 10,6 cms) made of 22 gauge (0.85344 mm 
mean thickness) 6.1. sheet. The channelled basin, thus, can 
contain about 3.6 litres of saline water when filled to a 
depth of 1 cm. To prevent leakage of x-^ater frcsB one channel 
to the other throu^ the sides, a rubber gasket, 1 mm thick, 
surrounds the periphery of the basin. The basin is painted 
with black paint mixed with black mesh powder, and later 
made dull by rubbing with as ery paper to make it a good 
solar energy absorber. 
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Common window glass (60cms >: 60cms, 5.5 msi thick) 
is used- for the top covers of the still. Glass transmits 
incoming solar radiation in the range ox 0.3 to 3»0 microns, 
hut is opaque to radiation emitted by the hot absorber plate 
and the water surface, beyovid 4,8 microns. Hence, the still 
serves as a hot-box. The glass cover rests on aluminixm 
angles, fixed 8,long the periphery of the box. It is sealed 
to the box by means of rubber gaskets and adhesive along 
its four sides to make it air-tight, so that no water-vapours 
may leak outside through the edges. A gap of 5 cmsis maintained 
between the basin water sui’face and the glass cover. This 
distance of 5 cms was chosen to reduce the shading of the 
basin water surface by the lateral vralls of the solar still 
and also to decrease the fabrication cost. The top glass 
cover, similarly", rests lightly on almiinium angles, provided 
with rubber gaskets, alung the periphery of the box, but it 
is ranoveable. The top glass cover is periodically treated 
with dilute hydrochloric acid to rsnove t-he formation of 
dust coatings. 

To prevent heat losses from the bottom and sides of 
the still, the unit is enclosed in a rectangular box 
(64cms X 64cms x I6.6cms) made of 22 gauge G.I. sheet, and 
the space in between is filled with 6 cms thick glass wool 
at the bottom and 2 cms thick on the si'- es. 
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2.1.2 IHii BASIN-TTPE SOLAR SlILL 

Tile constr-ucti onal details of the "basin- type still are 
shoi-jn in Fig. 2.3'> 

It consists of a box with base dimensions of 60cms x 
60 cmSj front and rear wall heights of 6 cas and 18.5 cmSj 
respectively. The still has an inclined roof on which rests 
a 5-5 mm thick glass cover;, sloping at an angle of 12 ° with 
the horizontal to prevent the condensate from dropping into 
the basin. The glass cover rests on rubber linings and is 
secured properly in its place by means of aluminium angfeSj 
fixed with screws along the periphery of the still. The 
condensate slides doi'jn the slope of the glass cover, flows in. 
a U-shaped channel from where it is collected in a plastic 
bottle. Saline water is filled upto a small depth (about 1 cm) 
in the basin for maintaining a low thermal inertia. The basin 
surface is painted with black paint mixed with black mesh powder 
for better absorption of solar radiation. 

The basin- type still is also enclosed in a box with base 
dimensions of 64 cms x 64 cms 5 front and rear wall heights of 
12 cms and 24»5 cms, respectively* Both the inner and the 
outer boxes are made of 22 gauge G.I. sheet and the space in 
between is filled with 6 cms thick glass wool at the bottom 
and 2 cms thick on the sides to prevent heat losses to the 


surroundings. 
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2.1.3 PIPINGS, FIIIBTGS IITO STORAGE TiHK 

The arranganent of the pipings, valves and other 
connections for both the stills is shovm in Fig. 2.1. Polythene 
pipes with plastic valves and connections have been used for 
ease of installation and low cost, as vrell. For the inclined 
still, the condensate is collected in a U-shaped channel, 
running along the underside of the glass cover at its edge 
as shown in Fig. 2.2. Also, a 1 cm dia. brass tube with imiformly 
spaced holes of 2 mm dia. drilled along its length is used to 
feed the cold saline water to flow over the glass plate. The 
hot-water obtained as a by-product, flows out through the exit 
pipe into a trough placed on the ground, from where it is 
drained away. 

A storage tank of capacity 200 litres, is provided 
to feed the saline water to both the stills. It has two 
separate valves connected to the outlet pipes of the tank, 
providing saline water to each basin and cold saline water to 
cool the bottom glass cover of the inclined still. A graduated 
water-level indicator made of glass is fitted to the storage 
tank. The tank is insulated with 6 cms thick glass-wool along 
its sides to prevent the stored saline-water from being heated 
up. 
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2.2 INSIffUMENTATION 

2.2.1 TOTAL solar RADIATION MSASURMENT 

The total radiation incident on the b?'=’in of the 
inclined still consists of both the direct and diffuse radia- 
tion, An Eppley Pyranometer has been used to measure the 
total radiation falling on the inclined surface. The instru- 
ment was kept facing south and tilted at the angle of incli- 
nation of the still, and the output recorded on an hourly 
interval by the Bpplej^ Integrator. 

2.2.2 TEMPERATURE MEASUREiyrENT 

All t Quperatures, except the ambient have been measured 
by 24 gauge, calibrated copp er-constantan, insulated thermo- 
couples, and the output recorded directly on the graph paper 
by a 24~j'wnction Honey-well Temperature Recorder, having a 
least count of l^C . Fig. 2.4 shows the positions of the thermo- 
couples on the inclined still. The top glass cover has four 
thermocouples fixed to its upper surface by adhesive as shown. 
Similarly, four thermocouples have been fixed to the underside 
of the bottom glass cover to measure the average temperature of 
the condensate film. Four thermocouple wires have been soldered 
to the channelled basin and four to the bottom surface of the 
still. Two thermocouples, each immersed in the flowing water 
film were used to measure the inlet and outlet temperatures 
of the water film. Ambient temperature was measured by a mercury- 
in-^ass thermometer with a least count of 1°C, placed in shade. 





POSITION OF NUMBER TF- Mp[J'<!ATUh1 

■"UERMOCOUPLES 



F1G-2-4POSITION5 OF THERMOCOUPLES FOR THE 
INCLINED SOLAR STILL 
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2.2.3 PLOW MEASURMENT 

A graduated, water-level indicator made of ^ass, 
fitted to the storage tank, as shown in Eig. 2. l,is used to 
note the decrease in the level of saline water over an hourly 
interval of time. Knowing the area of cross-section of the 
tank, the mass flow rate of saline water can be found out, 

The condensate collected in plastic bottles was 
measured on an hourly ba.sis by means of a graduated cylinder 
of 500 ml capacity, having a least count of 5 ml. 

2.2.4 WIND VELOCITY IIEASUREtiEtJT 

Due to non-a.vailability of a windscope, the velocity 
of wind was measured by means of a rotating, vane- type anemo- 
meter, which was adjusted every time to take into acco-unt the 
change in the direction of the wind velocity. 
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2.3 MODES OE TEST 

The performance of the inclined still vas tested 
•under tifO modes of operations. 

In the first mode, the top glass cover (-which is 
removeahle) was placed over the still to prevent cooling of 
the film of flowing water due to its surface leing exposed 
to the amhient, thus retaining the hot water which often 
reached more than 48 °C during the peak hours of sunshine. 

This arrangement, however, decreased the amount of incoming 
radiation due to the addition of the top gfass cover, resulting 
in lower yield. 

The second mode of test vjas conducted with the top 
glass cover removed. In this case, yield of distillate was 
more, but the temperature of the hot water was substantially 
reduced due to the rapid heat loss from the water film to 


the ambient. 






CHJgioiR -> 3 


HEAT AND MASS THMSEER ANALYSIS OP THE 
MCinJED SOIAH STILL 

3.1 HEAT BALAl^CE O' THE STILL 

Ass-uuning steady-state operation of the still, the 
following equations can be written : 

Heat balance for basin water s 

U = <lo + "Ir + 1 * % 


Heat balance for the bottom ^ass cover : 


+ ^r ^e 


m 

A 


g 


c (T 

P w, 




(3.2) 


where, 

q 






incident solar energy fltnc absorbed by the 
basin-water, 

- heat flux due to natural convection from the 
basin-water surface to the ^ass cover, 

- heat flux due to radiation from the basin-water 
surface to the glass cover, 

- heat flux due to evaporation and condensation 
from the basin-water to the glass cover, 
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% 


< 1 ^ 


m 





heat fl-ux due to hack losses irora the hasin 
to the surroundings s 

heat flux due to upward losses fi-om the ^ass 
cover to the surroundings 5 

mass flow rate of saline water over the ^ass 
c over , 

area of the glass cover;, 

inlet and outlet temperatures of the saline 
water flowing over the glass cover, 
respectively. 


The various heat fluxes are evaluated in the following 
sections : 


3.2 HEAT FLUX DUE TO NATURAL COWECTION 

The process of heat transfer inside the still is due 

to natural convection arising as a result of the density 

difference of the flioid enclosed between the two parallel 

surfaces, the basin surface at temperature T^^ and the glass 

surface at temperature T^? where T^ T^. Under such circimas— 

tances, the heat transfer coefficient is obtained from the 

7 

empirical relation , 

Nu = [ 2. 44+ { 2 . 23-0. 01236+0. 000346^]^ {( — - ) - ll] 

valid for 10 < Gr Fr <^ 4 x 10 ^ ' 

0 ° 9 < 60° 


(3.3) 
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wh. er e , 


Nu 


Pr = 


luss el t i'umb er 




Gr = Grashof number for heat transfer 
3 >92 


g p , (T 


1 


^ 2 ) 


Prandtl number 
p, c 


Ra 


t 


0 


g 

Pt 

h_ 


11300[l + 0.204 sin 4.50(0 - 37.8°) ] 

Angle of inclination of the still with the 
horizontal 

Distance between the two surfaces at tempera- 
tures 1^ and ’ll 29 respectively 

Acceleration due to gravity 

Coefficient of volume- expansion of the air- 
water vapour mixture in the still 
Convective heat— transfer coefficient 


/O , p, Cp , and k denote the density, viscosity, specific 
heat and thermal conductivity of the mixture in the still. 

The term 6.(1-, - TJ, known as the ‘buoyancy factor' for heat 
transfer was originally evaluated for conditions of constant 
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composition of the convecting fluids and was given by 


p. (T 


1 


^o) 


T 


1 


T, 


(T 


1 + fa 




However, in the still, the humidity of the air and, therefore, 
its composition changes along the ilov/ path. The vapour 
formed in the still is lighter than the dr^' air component and 
therefore, increases the buoyant force and the rate of circu- 
lation of the air and associated -vapour. The modified expre- 
ssion for the buoyancy factor as derived in Appendix-1 is 
given by 




t^^l 


T2) 


" 1 - ^2 

T^ 


+ [ 




n 


1 


A, 


Fi. 


(- -J— 

'‘M -jT Jy 


T, 

J 

t" 


( 3 . 4 ) 




B “A 


where. 


'A 


1 


b 


partial pressure of saturated water-vapour 
at temperature T^^* 

partial pressure of saturated water-vapour 
at tanperature T2* 


P 


F 


A 

B 


= total pressure inside the still 
(assumed at 1 atmosphere). 

= Molecular weight of waten-vapour. 

= Molecular weight of dry air. 
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The expression (3.4) is nsed. to determine the G-rashof numher 
occuring in expression (3.3). 

The heat flux due to convection is given by 
% = *"o - ^^2) 

where, the heat transfer coefficient is evaluated from 
equation (3*3). 

3.3 HEAT ELUX DUB TO RADIATIOU 

The heat transfer due to radiation can be approximated 
as taking place between two parallel surfaces of equal areas 
enclosing a non-absorbing, non-emitting medium. The radiation 
involved is diffuse radiation in the long wavelength range, 
for which the glass and water can be treated as grey surfaces 
( = e). Under such circumstances, the heat transfer due to 
radiation is expressed as 


where, 

a = St ef'an-Boltanann constant 

r- rrr nr, -8 Watts 

_ 5 • 67 X 10 2 o!j)"4 

m - K 

P = Shape factor 


1 
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~ snissivity of the saline- water in the basin. 

Egt = emissivity of the water filn-^ass glazing. 

Talcing the emissivities of saline-water and glazing as 0,96 
and 0.95, respectively, we obtain F = 0.9. Hence, 

= 0.9 o { - l4 ) 

3.4 HEAT FLUX DUE TO EVAPORATION A;TD CQ.TDill 3ATI0N 

In addition 'co convection and radiation, the bulk of 
the heat transferred upwards is due to evaporation of water 
from the basin surface and its subcequent condensation on the 
glass co'/er. The evaluation of the heat transfer due to 
evaporation and condensation is carried out in three steps, 
nam e ly , ev alua t i on of 

(i) mass- transfer coefficient, 

(ii) rate of mass-transf er , 

and (iii) heat flux due to evaporation and condensation. 

(i) Evaluation of the mass- transfer coefficient : 

The process of heat transfer due to natural convection 
inside the still is accompanied by mass-transf er due to evapo- 
ration of water from the basin. For the case of simultaneous 
heat and mass transfer inside a fixed geometry and in the 
absence of any chemical reaction, it may be shown that the 
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governing equations and the houndary conditxons for heat and 
mass transfer processes are similar and hence, they can he 
treated as analogous in nature ® » The solution of heat 
transfer prohlem in case of natural convection can he written 
in terms of dimensionless quantities as follows^ 

Efu = f (Gr, Pr) 


Since the heat and mass transfer processes are analogous, 
the solution of mass-transf er prohlem caii he written as 


Sh = f (Cr^, Sc) 


where, the functional relationships are the same^- 
The dimensionless quantities in the above equations are: 


and 


Sh = Sherwood number 

Sc = Sclimidt number 




Grashof number for mass-transfer 
g (c^ - c^) 


where, hr. and D denote the mass-transfer coefficient 
diffusion coefficient, respectively, of water-vapour 


and 

in air. 
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and 0^ denote the concentrations of air wat er-vap onr mixture 
at the lower and upper surfaces of the still, respectively. 


is known as the coefficient of densification which indicates 
the variation of density with composition for mass-transfer. 

The term evaluated in a similar manner as the term 

P^(T 2 _-T 2 ) [See Appendix-1] and is given hy 


S (c 

■^m 


1 =2> 


Vh 


T 


1 


+ [ 


A, 


- P 


A, 






-M 


-)p-p 


T. 

F 


1 


A 


A. 


(3.6) 


The expression (3.6) is used to determine the value of Gr^. 

Hence, in equation (3.3) j after replacing Nu hy Sh, Gr hy Gr^ 
and Pr hy Sc and solving for the mass transfer coefficient, we get, 


h^ =<f^[2.44+ { 2. 25-0. 01 230+0. 000 3 46 


Gr. 


m 


Sc COS0 1/3 

-"TT-r— ^ 


Ra 


(3.7) 


(ii) Evaluation of the rate of mass-traxisf er 

Let the two components of the ga,seous mixture inside 
the still, consisting of water vapour and air he denoted hy 
A and B, respectively. The molar flux of component A in the 
z - direction is gi-v en hy 

^A2 = ^ 


"Ax ^ 
PBlm 


(3.8) 
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where P321Q “ log-mean pressure of component B 

T = mean temperature of the mixture 
= Universal G-as Constant 


Bor normal air, water-vapour mixture at atmospheric pressure. 


the partial pressure of one component does not vary signifi- 


cantly in comparison to the total pressure 


12 


H enc e , 


P' 


Pb3_ + PBj 


Blm 


Brom Dalton's Law of partial pressure, 


Pa + Pb = P 


Therefore, 


(P “ ) + (P - Pfl J 


P 


1 


A, 


Blm 


2p - p 


(- 




(3.9) 


Substituti'ng the va,lue of 1^ Bq.n. (3»8) arid denoting 


^Az obtain, 


(P 




- 2 . 


(2p 


% - 


5a, 


( 3 . 10 ) 


.1 


, t 











Thus, h denotes the mass-traxisf er rate oi -rater-vapour due to 

evaporation. The value of h^ is obtained iron Bqn. (3.7). 

13 14 

The properties of the mixture are evaluated ’ at the mean 
t emp er atur e , ( T^ ' 2 .^/ 2 . 

(iii) Heat Blxxx due to evaporation and. condensation : 

The heat flux due to evaporation and condensation 
is given by 


1 


e 


N 



where, h^ denotes the latent heat oi ccnccnsation 
f g 

14 

evaluated at the glass tanperature 


A computer programme to evaluate the mass- transfer rate 
alongwith the uptrard heat fluxes due to convection, radiation 
and evaporation is included in Appendix- 2. 


3,5 HEAT EI/UX DUE TO BACK LOSSES EEQ-i THh BASHT TO THE 
SUEBCOTDINGS 

The heat transfer due to hack losses is given hy, 

•Ih " b ^ ^1 ■" ^h ^ 

where, k = thermal conductivity of the glass wool insulation, 

h = thickness of ^ass— wool insulation at the hottcm, 
T-j^ = tanperature of the hack surface of the still. 





THE GLASS COYER 


3.6 HEAT ELUX DEE TO UPWARD LOSSES EROL 
TO THE SURROUIiDIHGS 

The rate of heat dissipation depends both on radiation 
to the sky and on convection by air circulation. Radiation 
to the sky depends on the equivalent sky teoroeraturej T 

sicy 

The convective portion, is talcen as a function of wind velocity. 
The total heat flux is given by 

wh er e , 

Tg = temperature of the top glass cover, 

T^ = tonperature of the ambient, 
e = total emissivity of glass (taken as 0.95), 


3g 


The sky can be considered as blackbody at some equivalent 
sky temperature, which accounts for the fact that the 
atmosphere is not at a uniform temperature. Among the 
several expressions proposed for evaluating the sky 
tanperature, the one which is most commonly used is 
given by 


m 

sky 

where, and T^ 

temperature in °G , 


= T - 11, 
a ’ 

denote the sky temperature and ambient 
respectively. 







0 


St ef an-j:3olt2maziii constant 


= 5.67x10“® 


V'atts 


m 


o~A 


K 


outside convective heat -transf or coefficient, 
and IS given hy 


h' W 
k 


0.0 28 Re®*® 


where, ¥ = width of the still, and 
Re = Reynold's number 

= Average wind velocity. 

dV © 

p. and k denote the density, viscosity and thermal conductivity 

13 T 

of the air , evaluated at the film temperature,^— 


Ihe heat flux, obtained experimentally, as shown above, 

is compared with the value calculated from Eqn. (3.2) and the 
results shown in column 8 of Table 4.1(b). 


3.6 EFPECTIVBRBSS OR 'IHE GLASS-COVER ASSE^IBLI AS A HEAT 
EXCHANGER 


The glass-cover asssnbly serves as a heat exchanger 
in which heat transfer takes place between the water-film 
enclosed by the cover assembly and the upward heat fluxes 
due to convection, radiation and evaporation. Neglecting the 





small amount of heat transfer in the inlet pipes, the saline 
water enters at the outlet temperature of the water in the 
tank, and leaves at a considerably higher temperature due to 
the heat gained, as it flows over the glass surface. The 
effectiveness, B of the cover-assembly as a heat exchanger can 
be defined as the ratio of the actual Quantity of heat reaovedby th 
flowing water to the maximum possible heat transfered to the 
water. i.e. 


B 


K % 

_£ 

'Ic + 


( T 


w. 


"^r 'le 
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5.7 STILL EPBICIESiCI 


A measure of the performance of a still is the conver- 
sion efficiency, defined as the ratio of heat transferred in 
condensation process over any time period to the incident 
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solar energy over the same time period , 


i » e . 


where. 




/ 


q dm 
■^e 


/ 


1 


total incident solar radiation (direct + diffuse) 
falling on the inclined surface under consideration. 


m 


time period. 




CHAPTER - 4 


RESULTS AlH) DISCUSSIONS 

4 . 1 EXP ER m ENT AL P ROC SDURE 

Experiments on Loth the inclined and the ha sin- type 
stills were carried out over the month of Hayj 1981, and the 
data obtained for clear days of uninterrupted sunshine, only, 
are presented here. 

The storage tank was filled every morning with saline 
water at a concent rax ion of 2.5 gms of salt dissolved per 
litre of solution. The basins of both the stills were filled 
next with saline water to a depth of about 1 cm. The saline 
water inlet valve is then adjusted to maintain a thin film of 
water flowing over the glass cover, lasting till the end of 
the day, when the tank becomes nearly empty. The glass cover 
surface was periodically treated with dilute hydrochloric acid 
to maintain the uniform flow of water and to prevent the 
formation of dry patches. Readings were taken at hourly 
intervals of time, starting from 9.00 a.m. till 5.00 p.m. 

The inclined still was tested under two modes of 
operations : 

(i) The top glass cover was retained. This resulted in 

low yield of distillate but the temperature of hot water 
available as a by-product was high (about 44°C). 
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(ii) The top ^ass cover v/as removed. The yield of distillate 
was hi^ hut the hot water temperature was low (about 
39 °C). Tables 4.1? 4.2 and 4.3 present the experimental 
data and the results obtained for the two modes of tests 
carried out on typical summer days. 

4.2 MAIYSIS OF TEE EXPFRMENTAL DATA W RESULTS 

A graphical representation of the experimental data for 
the first mode of test is shown in Fig. 4.1. The hourly total 
insolation on the inclined still is plotted alongwith the 
temperatures obtained. From the graph, it is seen that the 
maximum temperatures of the basin surface (T^) , glass cover (T2) 
and the back surface (T-j^) are reached sometime after 1 p.m., 
an hour after the period of maximum insolation. After attaining 
the maximum temperatures, the curves drop due to the decrease 
in incoming radiation and increase in heat losses from the 
basin to the ambient. 

The saline water exit temperature, I‘ , shows a 
continuous rise till about 3 p.m, after which it starts 
decreasing. This may be explained as follows ; 

The rate of discharge of saline water from the storage tank is 
non-linear in nature as is evident from column-3 of Table 4.1(h). 
In the morning hours, when the tank is nearly full, the mass 
flow rate is high and the upward heat fluxes are low due to low 
intensity of radiation during this period of the day. Hence, 





A 

✓ 


Table 4.1(a) s Experi-icntal data obtained for 
for the first moae of test (to-j 
retained) 


the Inclined still 
^lass cover 

riay 26, 1361 
.0 


e 


12 
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the exit tempera.ture, T of the flowing saline-water, is low. 
With the gradual decrease in the mass flow rate and increase in 
the upward heat fluxes during the day, more amount of heat is 
to be removed by less quantity of water. This results in nigher 
exit temperature, during the later part of the day, till about 
3 p.m. After 3 p.m,, further decrease in the mass flow rate is 
accompanied by a decrease in the upward heat fluxes due to low 
intensity of radiation in the evening hours. This causes a 
gradual decrease in temperature, T 

The tonperature of the saline-water inside the storage 
tank gradually rises (about 4 C - 5 C throu^out the day) due 
to absorption of heat from the surroundings, but roaches a 
steady-state after 2 p.m. 

The experimental data and the results for the second 

mode of test are given in Tables 4.2(a) and 4.2(b), respectively, 

and are plotted in Fig. 4.2, From the graph it is observed that 

the general pattern of the temperature profiles is similar to 

that in Fig. 4.1. However, the flowing saline-water outlet 

temperature, T shows a marked decrease of about 2°C - 8°C 
^0 

throughout the day. This is due to the rapid cooling of the 
water-film as its surface is being constantly exposed to the 
ambient. The temperature, of file condensation surface, is 
further reduced duo to the cooling by the water-film, resulting 
in higher yield of distillate and better efficiency of conversion. 
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Table 4.2(a); Experimental data obtained for the Inclined 

still for the second moae of test (top ^ass 
cover removed) Hay 21 , 1981 

6 = 12 ° 



Basin 
\jat er 
t emp e- 
rature 

T3_(°C) 

Glass 
c ov er 
t emp e- 
ratoire 

Tgdc) 

Back 
surface 
t emp e- 
rature 

Tt(°0) 

Amb i ent 
t emp e- 
rature 

— „ , , . 

Ploring saline 
■ivater temuerature 

IrJ. et 

T 

(°c) 

Cutlet 

T 

”0 

(°C) 

9 am 

43 

34 

34 

31 

32 

32 

10 am 

49 

40 

36 

32 

33 

34 

11 am 

54 

45 

39 

35 

34 

36 

12 noon 

58 

49 

42 

36 

35 

38 

1 pm 

60 

51 

43 ' 

37 

36 

39 

2 pm 

58 

50 

43 

37 

36 

39 

3 pm 

54 

46 

41 

37 

36 

39 

4 pm” 

50 

42 

39 

36 

36 

37 

5 pm 

46 

39 

37 

35 

36 

34 


/ 
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Pigyres 4.3 and 4.4 show the hourly variation of still 
output obtained for the first and second modes of testSy 
respectively. Prom the graphs, it is found that the difference 
between the theoretical and experimental output of distillate 
for the inclined still varies from 3 pei’ cent - 20 per cent in 
case of the first mode of test and 7 per cent - 21 per cent for 
the second mode of test conducted over the entire period of the 
day, from 9 a.m. to 5 p.m. The difference in the theoretical 
and experimental results may be due to the following reasons: 


(i) loss of distillate due to leakage of water-vapour 

through the linings and dropping of condensate from 
the glass cover to the basin, 

(ii) loss of distillate during pouring and transferring 
while taking measurements, and 

(iii) the thin film of condensate adhering to the bottcm 
surface of the glass cover has not been taken into 

account. 


Figure 4.5 shows a comparative study of the cumulative 
yield for a day for the basin type and the inclined still for 
the first mode of test. It is seen that the yields of the 
stills are nearly the same till about 12 noon, after which 
the yield from the inclined still keeps on gradually increasing 
for the rest of the day. The total increase in the yield of 
the inclined still over the basin-type unit is about 10 per cent. 
Prom Pig. 4.6, it is found that for the second modfeiaf. 


# f . -i . 


Am. 


. A 71577 i 






4-2 


when the top glass cover is removed , the total increase in the 
yield of the inclined still over the hasin~type is about 38 per 
cent. A comparison oetxj-een Figures 4.5 and 4.6 shows that the 
cumulative yield of the inclined still in case of the second 
mode of test is about 17 per cent higher as compared to that of 
the first mode. This increase in yield in the second mode of 
test is due to the facts that the bottom glass cover is cooled 
more effectively by the water film exposed to the ambient and 
also due to improved evaporation rate of saline water as a 
result of increased intensity of radiation falling on the basin. 

The theoretical as well as the experimental values of 
efficiency of conversion of saline water into fresh water for 
the inclined still are plotted over the da,y for the first mode 
of test and shown in Fig. 4.7. It is observed that the efficiency 
of conversion increases during the later part of the day. This 
may be explained as follows s 

Since? the rate of upward heat flux (analogous to the upward 
heat losses from a collector plate to the ambient) due to the 
combined effects of convection, radiation and evaporation 
increases with the decrease in the intensity of solar radiation 
during the later part of the day, the still efficiency (q^/Ig) 
also increases. The theoretical and experimental efficiencies 
for the second mode of test are plotted in Fig. 4.8, The trend, 
in this case, is somewhat uniform throughout the day, Ccmparing 
the experimental results of Figures 4.7 and 4.8, it is found 



I 
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Table 4.3 » Comparison of daily total yield of distillate 
for tlie t>ro types of stills for the month of 
May, 1981 



Daily Total 
Insolation 

(K¥h/m^-day) 

Daily Total 
y i eld of 
Inclined still 
for 1st node 
. of t est ( t op 
glass cover 
ret ained) 

2 

(litres/m -day) 

Daily Total 
yield of 
Inclined still 
for 2nd mode 
of rest (top 
glass cover 
r en ov ed ) 

2 

(litres/m -day) 

Daily Total 
yield of 
Basin-typ e 
still 

( 1 itr^/m'^ -day) 

Way 11 

4.7 

3.95 


3.45 

12 

4. 6 

- 

4. 25 

- 

13 

_ 

- 

- 

3.40 

14 

4.8 

3.85 


- 

15 

4.75 

- 

4.2 

3.7 

16 

4.4 

3.80 

- 

- 

17 

4.7 

_ 

4.3 

3.7 

18 

4. 6 

4.05 

- 

3.45 

19 

4.75 

— 

4.3 

3.45 

20 

- 

- 


- 

21 

4.90 

4.0 


- 

22 

4.80 


4.7 

3.4 

23 

5.10 

4.2 

- 


24 

5.25 

- 

4.9 

3. 6 

25 

- 

- 

- 

- 

26 

5.25 

4.0 

- 

3.65 

27 

5.10 

_ 

4.80 

3.5 

28 

5.30 

4.0 

- 

3. 6 

29 

4.90 

- 

4. 60 

3.55 

30 

5.10 

3.95 

- 

- 

31 

5.0 

- 

4.75 

3.7 
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tliat the efficiency in the second mode of test varies between 
55 per cent - 70 per cent against 35 per cent - 65 per cent in 
case of the first mode. 

A comparison of the yield of distillate for the two 
modes of tests against various values of total insolation on 
an inclined still is shown in Pig. 4.9. Such a graph is useful 
in the prediction of distillate yield on an hourly, daily or 
monthly basis, for various values of the intensity of radiation. 
However, extensive data are required for accurate prediction of 
such results. 

Finally, the experimental results obtained for the daily 
total insolation and yield of distillate for the two types of 
stills during the month of May, 1981 are given in Table 4.3 and 
plotted in Pig. 4 . 10 . 

4.3 CONCLUSIONS 

The following conclusions may be drawn on the basis of 
the study carried out on both the inclined and basin-type 
solar stills s 

(1) The inclined solar still combines the process of desali- 

nation and hot-water production. The heat which is normally 
dissipated to the ambient in a conventional solar still 
is utilized here effectively to obtain hot-water on a 
continuous basis at temperatures varying between 40 °C 
to 50 °C, throu^out the day. 


1 





The process of cooling the bottom glass cover by the 
flowing saline waiter results in high yield of distillate 
and consequently 5 hi^ conversion efficiency. Efficiencies 
more than 70 per cent have been attained for the second 
mode of test during the month of May. 

The experimental results obtained for the inclined solar 
still match well in most cases with those obtained frcm 
theoretical analysis. The theoretical model may be 
further improved by taking into account the transient 
effects occuring inside the still. 

The inclined solar still may be used for either mode of 
operation, depending upon the need of the user. The first 
mode of operation, which necessiates the use of an extra 
glass cover is justified in view of the hot-water produc- 
tion, since it results in only a marginal increase in the 
capital cost of the still. 

The major accessory of the inclined solar still is the 
saline-water storage tank, which sli^tly increases the 
capital cost. However, in actual practice, large basins 
may be constructed along sea-coasts which will be filled 
up during high tides by sea water. The saline water will 
then be fed throu^ pipes continuously into the inclined 
stills installed over a vast area. Such a scheme, if 
implemented, may result in the production of large 
quantities of fresh water economically in future. 
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EVi\LUA2)I0l-T OF OEI, EUCYALJCY I'AGiOES FCr. I-IFa’I AI'Tiv i-.ASS 


TRAj-'TSI ARS I 


Is is AF i 


\J L" X J- - - 


Let "l^ be the vol'jme of the ericl crDU: 
in the inclined still. 

and , 


cc-'utied by the mixture 


"iTi/ the total!, mass of the mixture 

'ir\f£rrvQ ” masses of water-vapour and e.ir in the mixture, respect ively 
M^jMg - molecular uei^xts of xi-at er-ven our and air, respectively 
p - total pressure of the mixture 

P^jPr - partial pressures of water-vapour and sir, respectively 


T 


mean temperature of the mixture 


- densities of mi-iture, water-van our and air, 

A ±5 

rest ect iv ely 

W - specific \rolumes of mixture, vat er-vap our , and air, 

resp ectiv ely 

The coefficient of volume expansion for the mixture is given by 


a - i ( 2r) 

Pt " -r- 


p 


Linearizing the above expression, 


Va ■ - ^2 


( 


where, the subscripts 1 and 2 refer to the loxj’er and upper 
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surfaces of the enclosure, respectively. 


Or. 


p, f f? _.? ) 

f-t^'l "2^ 


*^1 - '^2 
ITo 


1 1 

A "/ 


z"'- 


1 


(i) 


Applying the ideal gas law to water-van our and air, we obtain. 


P 




A 


"‘a " 


(ii) 


Pg]/= ^ E..T 


Hb " 


(iii) 


xfhere = Universal G-as Constant, 


Prom (ii), 

. ir 

Prom (iii), 


PaI 

V 


Pb “b 

'V 


Adding, - i: [ P/j, + PgM^ ] 


ir 


1. e. 


or. 


+ PjPb ] 


Z'* 


1 




Pa*a + PZg ^ 





S' 


Hencsj Eqn. (i) can be written as 




-j ' A. r, A 

J- r 


'A^ 


"3. " B 

^ ] - 1 (iv) 


'R_ 


i'i-. 


I 


Prom Dalton's Law of partial nressnres, 


Pa ^ Pb 


Eqn. (±v) can be exnressed as 




T, “a + 


T 


1 |- "^2 


“a + 


]- 1 


T' +(P“P& ^A~P,- ^'^a“^A ^^T3+Pa 

-i-q A2 A * -^Ap J -A^ A Aj A - A2_ B -^Aj B_ 

L 1 / VT'_'T J “1 


1 


Sa/a + (f-SA^B 


After rearranging terms and simplifying. 




^ [1 + 


(p 


"1 


P.4 ) (J-Ir - I^a) 


B 


(iigP - P_4^) (J-ig - 1^) 


] - 1 


T. 


1 


p 


[ 1 + 


A, 


^bP 


1 

•J - 1 


'A- 


1 


1 -1 
12 

To 


+ [ 


A. 


P 


A. 


^P 


'1 


(v) 





is defined as follo-;:s» 


The c o ef f ic i ent 




m 


of densificationj 
1 / 

/* ^ ^ c 


a 


(vi) 


where c denotes the niztnre concentration. The negative sign 
indicates that with the increase in the concentration of 
water-vapour in air, the mixture density, decreases, owing 
to the fact that moist air is lighter than dry air. 


or. 


linearizing the aho^/e expression, 



n 

/'2 hi - o 


m 



1 


>^2 


(vii) 


Applying ideal gas la.w to both water-vapour and air and 
proceeding in a similar may was before, we obtain, finally 



T -T 
1 2 


Ai 


T 


1 




t 

T 


I 


A. 


(viii) 


It has been found that for small differences in temperatures 
of the two surfaces, buoyancy factors for the heat and mass 
transfers denoted by the left-h^d sides of expressions (v) 
and (viii) give nearly the same value. 
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